DMDSe (Frankenberger and Karlson, 1994; Terry et al., 2000) .
S elenium (Se) is an essential micronutrient and has Azaizeh et al., 1997) . Plants provide fixed C and other important benefits for animal and human nutrition; nutrients to the microbes in the rhizosphere: this occurs however, Se at high dosages may be toxic (Wilber, 1980;  through root exudation (Azaizeh et al., 1995) and plant Von Vleet and Ferrans, 1992) . Selenium is a metalloid decomposition. The maintenance of oxygen at the root that exists in five oxidation states where the Se redox respiratory sites depends on development of open lacuspeciation depends on redox potential and pH. Selenate nar space in the stems, roots, and rhizomes. This gaseous is the major species in aerobic and neutral to alkaline space acts as an oxygen conduit from the photosynthetic environments, whereas selenite and elemental Se domishoot tissue to the subsurface tissues, where aerobic nate in anaerobic environments (Lauchli, 1993) . Seleprocesses maintain normal root absorptive functions for nium also exists in volatile forms such as dimethylnutrient uptake (Bedford et al., 1991) . It is also believed selenide (DMSe), dimethyldiselenide (DMDSe), and that an external aerobic microzone is established around probably dimethyl selenone, dimethyl selenylsulfide, parts of the growing roots of wetland plants (Armstrong and methaneselenol (Karlson, 1994; Fan et al., 1997) .
and Armstrong, 1990) . Therefore, wetland plants may The oxidized forms of Se, selenate and selenite, are provide the rhizosphere microbes with a C source, suithighly soluble in water and therefore bioavailable and able pH, and oxygen, which are required for microbial potentially toxic. The biomethylation of inorganic Se growth. Selenium volatilization is an attractive method by microbes, plants, and animals is an important pathof removing Se from contaminated wastewater with wetway by which toxic Se compounds are transformed into land plants because it minimizes the entry of Se into relatively nontoxic volatile forms such as DMSe and the food chain. This is because biomethylation takes place mainly in the region of roots so that most of the Se volatilized escapes directly into the atmosphere uate the potential of rhizosphere microbes isolated from (Azaizeh et al., 1997; Terry et al., 2000) .
roots of AMVF plants on Se biomethylation and the Dimethylselenide has an approximate vapor pressure fate of DMSe in water flown through the system. To of 32 kPa at 35ЊC and a solubility of 24.4 g L Ϫ1 in water investigate these objectives, rhizosphere microorgan- (Chasteen, 1998) . Therefore, the stability of the DMSe isms were isolated from common reed plants grown in followed by its emission potential into the air is affected the AMVF and supplied continuously with selenate. by the water content of the matrix where the DMSe
The isolated rhizosphere microorganisms were used to is produced. In aquatic systems and moist terrestrial inoculate culture solutions supplemented with either environments, such as moist soil, DMSe may be partially selenate or selenite. Water samples were also taken dissolved into water or trapped in the water and soilfrom six different sampling points along the AMVF bed sediment phase before its emission into the air.
for Se and DMSe determination (Fig. 1) . A subsurface-flow constructed wetland (aquatic microcosm vegetation facility, AMVF) cultivated with MATERIALS AND METHODS common reed was used for a few years to study the potential of this system in phytoremediation of Se and Study Site other trace elements (Salhani and Stengel, 2001 ; SharPlant specimens and rhizosphere organic matter samples dendu et al., 2002) . In this AMVF system common reed used to isolate the microbes were collected from an established plants were grown in the gravel and supplied continu- and contained four sampling points (1, 2, 3, 4) in addition to the inlet and the outlet. Six sampling points were used to
The main objectives of the present work were to eval-take water samples throughout the experiment. Selenium was
Potential of Rhizosphere Microbes Cultured in
supplemented continuously as sodium salt (Na 2 SeO 4 ) at a final
Tryptic Soybean Broth to Biomethylate Selenium
concentration of 100 g Se L Ϫ1 in the inlet of the beds. Each Rhizosphere microbes were cultivated in 500-mL cylindrical bed received Se mixed with tap water at a rate of 15 L h Ϫ1 bottles (177 mm high and 41 mm in diameter) equipped with with membrane pumps (Type R 409 1-50 E pump; Seybert & inlet and outlet tubes (Schott Duran, Mainz, Germany). The Rahier, Immenhausen, Germany). These pumps are displacebottles contained 200 mL of sterile full strength TSB adjusted ment pumps where the water supply takes place through a to pH 7.0 and supplemented with either 20 M sodium seleshape-changeable elastic membrane and they guarantee a connate or sodium selenite. The culture solutions were aerated tinuous and constant supply of water for many years.
as follows. The inlet was inserted inside the cultivation solution to provide air bubbles (aeration) into the culture; the outlet was in the gaseous phase to sweep out produced DMSe. The
Isolation and Enumeration of Rhizosphere Microbes
rate of the airflow was adjusted to 150 mL h Ϫ1 with a peristaltic The rhizosphere microbes were isolated from fresh root pump. Each flask's outlet was connected to a 250-mL gas specimens of common reed plants collected close to the inlet washing glass bottle filled with a 150-mL alkaline peroxide of the AMVF, which were supplemented continuously for 2 trapping solution as previously described (Terry et al., 1992) . mo with 100 g Se L Ϫ1 (Fig. 1, Point 1 ). Root sections (15 g Each cultivation bottle was inoculated with 10 mL of either fresh weight to obtain about 1.0 g dry organic matter) were rhizosphere suspension or cultured rhizosphere microbes randomly collected and loosely adhering wet organic matter (Table 1 ). Since microbes are well known as biomethylation and gravel were gently removed. Roots were rinsed in a beaker agents of Se species, uninoculated bottles supplemented with containing 150 mL sterile 0.1% agar solution. The beaker 100 mg L Ϫ1 ampicillin were used as a control to estimate Se was magnetically stirred for 15 min to obtain a homogeneous loss due to aeration or to microbial contamination. Ampicillin rhizosphere suspension. The dry weight of the organic matter is a well-known antibiotic used in various biomethylation exwas determined by drying 25 mL of suspension at 90ЊC for periments because it inhibits both gram-positive and gramnegative bacteria; it interferes with bacterial cell wall synthesis 48 h. Total cultured bacteria in the suspension were enumerand is therefore expected to have also the least effect on plant ated by the stepwise dilution of 1 mL in 10-fold sterile 0.1% physiology. The control solutions were tested by the end of agar solution prepared with tap water. Appropriate dilutions the experiment and found not contaminated. ranging between 10 Ϫ3 and 10 Ϫ8 (1 mL) were mixed with sterile A 2 ϫ 2 factorial experiment was designed to test the effects full strength tryptic soybean agar (TSA) (Merck, Darmstadt, of rhizosphere suspension or cultured rhizosphere microbes Germany) to enumerate total bacteria. Petri dishes were incuon the rates of Se biomethylation from selenate or selenite. bated at 26ЊC for 7 d.
The following treatment combinations were tested in four different experiments: (i) cultures supplemented with selenate
Carbon, pH, and Selenium Contents
and rhizosphere suspension, (ii) cultures supplemented with of Rhizosphere Suspensions selenite and rhizosphere suspension, (iii) cultures supplemented with selenate and cultured rhizosphere microbes, and Total soluble carbon content of rhizosphere suspension (in-(iv) cultures supplemented with selenite and cultured rhizooculum) used in the experiments was determined with a multisphere microbes. All cultures were incubated in the dark at phase C analyzer (RC-412; LECO, St. Joseph, MI). The pH 26ЊC. Three replicate culture bottles were used for each treatvalue of the rhizosphere suspension was also determined. To ment combination. The volatile Se coming from the headspace determine total Se in the rhizosphere suspension, the different of each bottle was trapped continuously over a 15-d period Se species were converted to selenite. Each filtered (0.45 m) during which the trapping solution was exchanged for a fresh sample (4.0 mL) was mixed with 1.0 mL of 2.0% ammonium one every 3 d and Se content was analyzed. Trapped Se was persulfate, boiled for 15 min at 97ЊC, and cooled. Then, 5.0 mL analyzed with HG-AAS after a two-step heating procedure concentrated HCl were added, and the solution was boiled of the solution in a water bath (30 min at 97ЊC, then cooling again for 20 min at 97ЊC, cooled, and analyzed. Total Se in to room temperature and addition of concentrated HCl (1:1 culture suspension was determined with hydride generationv/v) followed by another heating at 97ЊC for 20 min). By atomic absorption spectrometry (HG-AAS) (AAS 4100, that, all selenium species were converted into Se (IV). The FIAS 400, and AS 90 autosampler; PerkinElmer, Wellesley, HG-AAS measurements were performed in a flow injection MA). Selenite was used as a standard. The detection limit of HG-AAS mode similar to that described recently for Sb analythis HG-AAS procedure was 0.2 g L Ϫ1 Se and the reproducsis (Krachler et al., 1999) . In the chemifold of the flow injection ibility was better than 2% for Se concentrations above 0.5 system 500 L of the sample solution was mixed with the g L Ϫ1 . This analytical method had not only been internally reduction solution containing 0.4% NaBH 4 in 0.04% NaOH validated, but also by successful participation at international proficiency testing exercises, such as IMEP (Institute of Refer- To obtain culturable rhizosphere microbes, 5 mL rhizo- Se was used for final quantification. nm. Two aliquots of the same sample always were measured with three repetitions each and the analytical quality assurance Therefore, the detection limit was only 10 g L Ϫ1 . Analytical quality assurance was performed by intermethod comparisons for the method has already been stated above.
with the HG-AAS method. Preliminary gas chromatography ICP-MS measurements
Potential of Rhizosphere Microbes Cultured in
were performed to determine the amounts of DMSe and
Hoagland Solution to Biomethylate Selenium
DMDSe in analogy to a previously described method (Grueter Rhizosphere microbes were cultured in bottles containing et al., 2000), but without initial hydride generation. Within 300 mL of sterile half-strength Hoagland solution (Terry, the frame of purging experiments we have indicated that the 1980) adjusted to pH 7.0. A similar factorial experiment as main volatile biomethylation product was DMSe. was described with TSB with the same four treatments was performed to estimate the potential of rhizosphere suspension
Statistical Analysis
or cultured rhizosphere microbes to volatilize selenate or sele-
The data are presented as mean values and standard devianite. The cultures in each bottle were inoculated with 15 mL tions. Linear regression was made to test correlation (fit) beinoculum (Table 1) instead of 10 mL in the previous experitween two variants. The Duncan multiple range test was used ment. Uninoculated bottles supplemented with or without Se to evaluate differences between means of the different treat-(selenate or selenite) represented control treatments. Three ments with statistically significant (p Ͻ 0.05) variation among replicates were used for each treatment combination. Volatilmeans. ized Se was sampled and trapped for a 15-d period as described earlier.
RESULTS

Culture Harvest
Characteristics of the Microbial Rhizosphere
The cultures were harvested after 15 d of cultivation. Total
Used as Inoculum
bacteria, pH, and Se content of the remaining solutions were determined. In the half-strength Hoagland solutions the total Table 1 summarizes the total mean number of bactebacteria were enumerated with tryptic soybean agar as was ria, soluble C content, total Se, and pH of the rhizo- ments were relatively similar. In the TSB experiment, total bacteria used was 0.8 ϫ 10 6 colony forming units Determination of Dimethylselenide Dissolved (cfu) mL Ϫ1 , C content 5.01 g L Ϫ1 , total Se 3.4 mg L Ϫ1 , in Water Samples and the pH was 5.7. In the half-strength Hoagland exper-
The amount of DMSe dissolved in water samples was deteriment, total bacteria was 1.0 ϫ 10 6 cfu mL Ϫ1 , C content mined with helium as a purging (stripping) agent based on a 5.02 g L
Ϫ1
, total Se 3.8 mg L
, and the pH was 5.8.
method described earlier (Pecheyran et al., 1998) . In brief, the glassware, tubing, and fittings used were cleaned with a 
Effect of Rhizosphere Microbes Cultivated
Selenium Volatilization
were collected from the six sampling points of the AMVF system ( Fig. 1 ) 3 mo after Se supplementation initiation. The Selenium volatilization rates from cultures supplewater sample was filled in a 250-mL gas washing glass bottle mented with selenate or selenite in both rhizosphere equipped with the inlet inserted inside the solution for DMSe suspension or cultured rhizosphere microbes were relastripping and the outlet was placed in the headspace to pass tively low when the microbes were cultivated on TSB the flushed air into the trap. Helium at a rate of 250 mL h Ϫ1 (Fig. 2) . Selenium volatilization percentage was signifi- mented with selenate or selenite (data not shown). Mean
The Se concentrations in the water sample profile taken from the six sampling points were determined with ICP-MS pH values of all treatments were not significantly differ- ent (p Ͻ 0.05) and ranged between 8.3 and 8.6 (Table 2) . with cultured rhizosphere microbes increased substantially specially in the presence of selenite, and after The total number of cultured microbes was not measured after 15 d of growth in TSB. We noticed that after 15 d of growth the mean rate of volatilized Se was significantly higher (p Ͻ 0.05) compared with cultures 2 to 3 d of cultivation, the culture reached stationery stage and some bacteria started to die and precipitated inoculated with rhizosphere suspension (27.5 and 0.9 g Se d
Ϫ1
, respectively). No Se was detected in trap soluin the bottom of the bottles. It was clear that we had few cycles of microbial growth during the 15 d of experitions connected to uninoculated cultures (controls) supplemented with selenate or selenite (data not shown). ment and the final number was Ͼ10 10 cfu mL Ϫ1 in each cycle. Therefore, total number of bacteria in Day 15
These cultures were supplemented with antibiotics to avoid microbial contamination and by the end of the does not represent an accurate value during the experiment and we decided not to measure it.
experiments were tested to be sterile. rhizosphere suspension was only 1.7 and 3.0%, respec- † Mean values Ϯ standard deviation of three replicates are presented.
tively (Fig. 3) . The results show that after 9 d of incuba- tion, the volatilization rate of Se in cultures inoculated The total number of cultured microbes after 15 d The mean pH of cultures inoculated with rhizosphere suspension ranged between 6.1 and 6.3; however, in of cultivation was 84-to 340-fold greater in cultures inoculated with cultured rhizosphere microbes comtreatments inoculated with cultured rhizosphere microbes it ranged between 8.6 and 8.7 (Table 2 ). In the pared with rhizosphere suspension (Table 2 ). All treatments inoculated with rhizosphere cultures contained a presence of cultured rhizosphere microbes the pH was at least 2.0 units higher compared with rhizosphere sussignificantly smaller microbial population (p Ͻ 0.05) compared with those supplemented with cultured mipension cultures. crobes (Table 2) . A linear regression was applied, which revealed that there was a relative best fit (r ϭ 0.87)
Concentration of Dimethylselenide
between total number of rhizosphere and cultured miin Water Samples crobes and the percentage of volatilized Se when these
The DMSe was indirectly detected in water samples microorganisms were cultured in Hoagland solution.
taken from two sampling points (Fig. 1 , Points 1 and 4) (Table 3) ; however, in ples taken 12 wk after the initiation of Se supplementation to the common reed plants from six sampling points (see Fig. 1 ) the other two sampling points (2 and 3) that contained along the constructed wetland. † high to medium levels of Se in water, the DMSe was antibiotics to the water samples before purging did not ‡ Zero values are below the quantification limit of hydride generationatomic absorption spectrometry.
affect the amount of stripped DMSe (data not shown).
Therefore, the bacterial population had no effect on the but it ranges between 6 and 8.5 (Karlson and Frankenberger, 1989; Azaizeh et al., 1997) . The final microbial amount of stripped DMSe.
population in cultures inoculated with cultured rhizosphere microbes exceeded in many folds the population DISCUSSION in cultures inoculated with rhizosphere suspension (Table 2) , which resulted in higher Se volatilization This study showed that rhizosphere microbes isolated yields when the cultures were supplemented with either from roots of common reed plants grown in a subsurselenate or selenite (Fig. 3) . Our rhizosphere microbes face-flow constructed wetland are involved in Se volatilwere isolated from plant roots of common reed grown ization. Selenite was easily volatilized by the rhizosphere in gravel without soil, and the only C source in this type microbes compared with the selenate in all treatments of wetland comes from the decomposed organic matter (Fig. 2 and 3) . Rhizosphere microbes isolated from bulin each cultivation bed and from plant exudates, which rush [Schoenoplectus acutus (Muhl. ex Bigelow) A.
mainly include sugars, amino acids, and organic acids Love & D. Love] grown in a surface-flow constructed (Azaizeh et al., 1995) . However, in the previous experiwetland showed a similar trend in Se biomethylation ments (Azaizeh et al., 1997) , the rhizosphere microbes (Azaizeh et al., 1997 ). In our current experiments, were isolated from plants grown in soil; therefore, the around 50% of the supplied Se as selenite was volatilized total number of rhizosphere microbes used as inoculum during 15 d of incubation when the Hoagland culture in these experiments were 73-fold more compared with solutions were inoculated with cultured rhizosphere miour current experiments (Table 1 ). The total amount of crobes (Fig. 3) , which indicates that these microorganSe that was lost from inoculated cultures over 15 d could isms have a high potential of Se volatilization. The apbe accounted for volatile Se and more than 80% was plied linear regression showed relative best fit (r ϭ 0.87) detected in the alkaline peroxide trapping solution (data between total number of rhizosphere or cultured minot shown). Very low percentages (1.2-1.7%) of the crobes and the percentages of volatilized Se when these supplied selenate in the culture solutions were biomemicroorganisms were cultured in Hoagland solution, thylated by microbes into DMSe ( Fig. 2 and 3 ) except which indicates the importance of the size of the microwhen cultures were inoculated with cultured rhizobial population on Se biomethylation when cultivated sphere microbes where 7.9% of the supplied Se as seleunder low C content. When microbes were cultured in nate was biomethylated (Fig. 3) . This suggests that these the presence of rich medium containing C source (TSB) adapted microbes could be multiplied in the laboratory the volatilization yields of selenate and selenite were and then reintroduced into the contaminated sites to relatively low (Fig. 2) . The volatilization rates of selebioremediate wastewater containing high levels of selenate are usually very low by microbes compared with nate or selenite. selenite (Azaizeh et al., 1997) ; however, in this current
The amounts of DMSe stripped from the water samwork, Se volatilization from selenate was relatively high ples collected from Points 1 and 4 were 2.4 and 1.7 g when culture solutions were inoculated with cultured L Ϫ1 , respectively (Table 3) , which are relatively high rhizosphere microbes under low C content (Fig. 3) . The and indicate that the rhizosphere microbes of common means of the volatilization rates in the last 3 d of incubareed are active in selenate biomethylation. Our prelimition, Days 12 through 15 (Fig. 3) , were calculated for nary results showed that the main detected volatile comthe cultures supplemented with selenite and inoculated pound was DMSe, and the amounts of DMDSe were with cultured microbes, supplemented with selenate and relatively very low. Produced DMSe is dissolved in wainoculated with cultured microbes, supplemented with ter before it is released as gas into the atmosphere, and selenite and inoculated with rhizosphere suspension, it might be that part of that remains in the solution and supplemented with selenate and inoculated with because of the subsurface flow of water in this type of rhizosphere suspension. The calculated means were AMVF system. Common reed represents a helophyte 27.5, 1.8, 0.9, and 0.8 g Se d Ϫ1 , respectively. This sugwith highly developed gas exchange (aerenchyma) facilgests that these microbes are better adapted to volatilize itating gas transport to the atmosphere via the intercelSe from selenite when the culture solutions were inoculular lacunar system (Armstrong and Armstrong, 1990 ; lated with cultured microbes isolated from rhizosphere Brix et al., 1996; Salhani and Stengel, 2001) , which may plants supplied for more than 2 mo with 100 g Se L
Ϫ1
indicate that part of the biomethylated DMSe is released as selenate compared with the other three treatments into the atmosphere through plant culms. The solubility (Fig. 3) . The pH of the TSB cultivation solution (with of DMSe in water was determined to be 24.4 g L Ϫ1 at high C content) after 15 d of cultivation was more than 35ЊC (Chasteen, 1998) , which may indicate that part of 8.0, which is considered optimal for Se volatilization, the produced DMSe is converted into other Se species, but the volatilization yield in this cultivation medium depending on the various environmental conditions in was low (Fig. 2) . In Hoagland cultures (with low C the matrix. In another study conducted to determine the content), the mean pH of the cultivation solution inocuamount of volatile Se species in the Gironde estuarine lated with rhizosphere suspension ranged between 6.1 environment in France with on-line purging cryofocusand 6.3, compared with cultures inoculated with culing technique (Pecheyran et al., 1998) , DMSe was also tured rhizosphere microbes, which ranged between 8.6
found to be the main volatile Se species in concentraand 8.7 (Table 2 ). The optimum pH for Se biomethylations ranging between 0.8 and 6.3 pmol L Ϫ1 . tion from seleniferous Kesterson sediments and rhizosphere bacteria isolated from wetland plants was 8.0,
The current results show that rhizosphere microbes
